The study of Nef-induced CD4 downregulation has ␤-COP is identified as its downstream partner.
. This protein shares sequence similarities with the catalytic subunit of the vacuolar ATPase (V-ATPase) and is the mammalian homolog of the S. cerevisiae VMA13p protein, the catalytic component of the universal proton pump. NBP1 is also capable of interacting with AP-2 and is probably recruited into CCPs. Our analyses, however, indicate that Nef alleles mutated in residues reported to be critical for NBP1 binding are still active for accelerating endocytosis (Mangasarian et al., 1999) . Surprisingly, Nef mutants defective for AP binding conserve a significant ability to downmodulate the cell surface expression of CD4 (Piguet et al., 1998). This puzzling observation led to the discovery that the downregulation of CD4 by the Nef protein of primate lentiviruses is the result of two consecutive steps. Indeed, after triggering the rapid endocytosis of CD4, Nef prevents the cell surface recycling of the glycoprotein, which is instead targeted to a degradation pathway (Oldridge and Marsh, 1998; Piguet et al., 1998). Remarkably, the two actions of Nef are functionally and genetically separable, indicating that they are accomplished by distinct regions of the protein and most likely through interactions with different cellular partners (Piguet et al., 1998). Here we elucidate the mechanism of the second effect of Nef, as we reveal that the viral protein targets CD4 for lysosomal degradation by connecting the receptor with the ␤ subunit of the COPI coatomer. Furthermore, we demonstrate that ␤-COP functions in this process as an endosomal sorting molecule that recognizes a diacidic-based lysosomal targeting signal in Nef.
Results

An Acidic Dipeptide in HIV-1 Nef Is Necessary for Preventing the Cell Surface Recycling of CD4
A series of HIV-1 Nef mutants impaired for CD4 downmodulation was previously identified. The first was a myristoylation-defective Nef derivative, which indicated Figure 2B ). In contrast, while the 44Nef fusion protein was efficiently retained inside the cell after endocytosis, with only 10% recycling after 10 min, 44Nef EE 155 QQ returned to the cell surface as effectively as CD4 ( Figure 2C) . Interestingly, the 44Nef LL 165 AA variant, which undergoes slow rates of endocytosis because it fails to bind AP, exhibited a block in recycling similar to that of 44Nef and at steady state has surface levels comparable to those of 44Nef EE 155 QQ (not illustrated). This parallels our prior observation that an SIV Nef derivative mutated in a tyrosine-based signal crucial for AP recognition fails to accelerate the internalization of CD4 yet still prevents its recycling (Piguet et al., 1998).
In order to confirm the role of the Nef diacidic motif in these events, fusion proteins comprising the extracellular and transmembrane domains of CD4 and the IL-2 We also scored fected with CD4, 44Nef, or 44Nef EE 155 QQ were incubated vacuolar structures in the cell periphery, often conat 4ЊC with an anti-CD4 antibody followed by a secondnected to the tubular network, as sorting early endoary antibody coupled to colloidal gold. The cells were somes (called VS for vacuolar structures). Ten minutes incubated for 10 min at 37ЊC to allow for internalization after internalization, 44Nef exhibited a high propensity of the receptor-antibody complex, before fixation and to accumulate in sorting endosomes and in endosomal processing for electronic microscopy. Various strucelements of the degradation pathway: about 57% of tures containing gold particles were visualized and di44Nef molecules resided in these stuctures, whereas vided into subgroups according to their morphology only 40% were found in recycling elements. An inverse ( Figure 5 ). All three CD4 derivatives were localized in picture was recorded with CD4 and 44Nef EE 155 QQ , which easily recognizable clathrin-coated structures, which were much less frequently detected in endosomes of were not examined further. Instead, we made use of the the degradation pathway and in sorting endosomes typical ultrastructural appearance of endosomes in the (21% and 18%, respectively) and were instead mainly recycling and degradation pathways, respectively, to is therefore relevant that the Nef-induced targeting of A dissociation between determinants of internalization CD4 to the degradative pathway is inhibited in ldlF cells and degradation has also been suggested for the epiderat the restrictive temperature. Another report indicates mal growth factor receptor (EGFR) (Opresko et al., 1995) .
that the cytoplasmic domain of the PDGF can interact However, Nef offers the remarkable example of a protein with COPI coatomer subunits, although to our knowlin which endocytosis and lysosomal sorting signals are edge, no function has been attributed to that interaction not only distinct but also well defined, in terms both (Hansen et al., 1997 PBS, for 2 hr at room temperature. Following five 5 min washes, 1998). 293T cells grown on glass coverslips were incubated with a bound proteins were eluted and analyzed by SDS-PAGE and West-FITC-conjugated CD4 antibody for 45 min at 37ЊC, acid washed ern blotting with the appropriate antibodies. three times at 4ЊC, inserted into a perfusion chamber (Medical Systems Corp., Greenvale, NY), and imaged at 37ЊC in 1 ml PBS supplemented with 1 mM CaCl 2 , 1 mM MgCl 2 . Dual excitation ratio imaging Acknowledgments was performed on a Zeiss Axiovert microscope equipped with a cooled CCD camera (Visitron Systems, Puchheim, Germany), using
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